Tephra layers preserved in marine sediments can contribute to the reconstruction of volcanic histories and potentially act as stratigraphic isochrons to link together environmental records. Recent developments in the detection of volcanic ash (tephra) at levels where none is macroscopically visible (socalled 'crypto-tephra') have greatly enhanced the potential of tephrostratigraphy for synchronising environmental and archaeological records by expanding the areas over which tephras are found. In this paper, crypto-tephra extraction techniques allow the recovery of 8 non-visible tephra layers to add to the 9 visible layers in a marine sediment core (LC21) from the SE Aegean Sea to form the longest, single core record of volcanic activity in the Aegean Sea. Using a novel, shard-specific methodology, sources of the tephra shards are identified on the basis of their major and trace element single-shard geochemistry, by comparison with geochemical data from proximal Mediterranean volcanic stratigraphies. The results indicate that the tephra layers are derived from 14 or 15 separate eruptions in the last ca 161 ka BP: 9 from Santorini; 2 or 3 from Kos, Yali, or Nisyros; 2 from the Campanian province; and one from Pantelleria. The attributions of these tephra layers indicate that 1) inter-Plinian eruptions from Santorini may have produced regionally significant tephra deposits, 2) marine tephrostratigraphies can provide unique and invaluable data to eruptive histories for island volcanoes, and 3) tephra from both Pantelleria and Campania may be used to correlate marine records from the Aegean Sea to those from the Tyrrhenian, Adriatic and Ionian Seas.
Introduction
Volcanic eruptions inject ash (tephra) into the atmosphere, where it is widely distributed by winds. In particular Plinian and ultra-Plinian eruptions eject ash clouds into the stratosphere, where strong stratospheric winds can transport the tephra thousands of kilometres away from its source. The tephra falls out of the air and becomes preserved within depositional environments. The most explosive eruptions can distribute tephra over areas of 100,000 km 2 (e.g., Eastwood and Pearce, 1998; Wulf et al., 2002; Pyle et al., 2006; Margari et al., 2007; Aksu et al., 2008) , providing potentially widespread markers for high precision correlations between a wide range of environmental and archaeological contexts (tephrostratigraphy). Consequently, tephra layers can provide excellent stratigraphic links between the various archives, with sufficient precision to address questions of the relative timings of events in archaeological or climate proxy data from those same archives, even at the sub-centennial scale (e.g. Lane et al., 2011; Lowe et al., 2012) . In addition, if a tephra layer can be precisely dated, either from proximal deposits or a well-constrained distal record, then this single date can be imported into all records where that tephra layer is found (Lowe et al., 2012; Bronk Ramsey et al., 2014) . The identification of a particular tephra layer relies on assessment of its stratigraphic position with respect to other tephras and, crucially, on precise determination of the tephra geochemistry. The geochemistry informs initially on the volcanic source of the tephra layer (Clift and Blusztajn, 1999) , and subsequently, if a comprehensive reference database exists for potential sources, links to an individual eruption may be resolved. Tephra investigations have become more common in the past decade or so, as techniques to characterise the geochemistry of glass shards have improved (e.g., Pearce et al., 2004; Tomlinson et al., 2010) . Tephra layers preserved in marine sediments can contribute to the reconstruction of volcanic eruption histories and potentially act as stratigraphic isochrons to link together environmental records. In the late Quaternary abyssal sediments of the eastern Mediterranean, which is the focus of the present paper, this has long been realised through pioneering studies by.
for example, Richardson et al. (1976) , Cita et al. (1977) , Keller (1978) , Federman and Carey (1980) , Sparks et al. (1983) , and Vinci et al. (1984 Vinci et al. ( , 1985 . These studies revealed that a number of distinctive tephra layers are widespread throughout the region, and are common to, and therefore link, deep marine sediment sequences. Other studies have focused on tracing some of the ash layers to source volcanoes, especially the more distinctive layers, such as the Minoan tephra and 'Campanian Tuff' (Campanian Ignimbrite) (e.g. Sparks et al., 1983; Cramp et al., 1989) , or on establishing their precise ages by a variety of dating techniques, including the 40 Are 39 Ar method (e.g. Smith et al., 1996) . These works have laid the foundations for the evolution of a comprehensive tephra framework, which has gradually been refined as tephra investigations in the region have progressively proliferated (see e.g. Vezzoli, 1991; Narcisi et al., 1999; Zanchetta et al., 2011) . The discovery of some of these layers in distal localities has also extended the reach of the tephra framework, such as finding (inter alia) the Cape Riva and Campanian Ignimbrite layers in cave sequences and peat deposits in Greece (e.g. Vitaliano et al., 1981; St. Seymour and Christanis, 1995; St. Seymour et a., 2004) . Notable developments also include the discovery of Santorini Minoan tephra in western Turkey (Eastwood et al., 1998 ) and the first discovery of a tephra derived from Anatolia in eastern Mediterranean deep-sea sediments (Hamann et al., 2010) . These investigations to date have been limited to tephra that is visible to the naked eye (e.g., Eastwood et al., 1999; Wulf et al., 2002; St Seymour et al., 2004; Margari et al., 2007; Aksu et al., 2008) . However, recent investigations of marine cores have shown that crypto-tephra processing of a sequence can substantially augment the number of tephras found (e.g. Bourne et al., 2010) . Here we apply such techniques to marine sediment core LC21 from the SE Aegean Sea (Fig. 1 ).
Previous work on core LC21
Core LC21 has been a focus for palaeoceanographic research in the Eastern Mediterranean since it was collected in 1995 (e.g., Hayes et al., 1999; de Rijk et al., 1999; Rohling et al., 2002b Rohling et al., , 2004 Casford et al., 2002 Casford et al., , 2003 Marino et al., 2007 Marino et al., , 2009 van der Meer et al., 2007; Abu-Zied et al., 2008; Osborne et al., 2010) . Studies have in general focused on the Holocene Sapropel S1 and the Eemian Sapropel S5. S1 is amenable to 14 C dating while ages for S5 have been inferred by correlation to the Soreq Cave speleothem data (Rohling et al., 2002a; Bar-Matthews et al., 2000; Marino et al., 2007 Marino et al., , 2009 . Recent work has elaborated the LC21 chronology in a probabilistic manner, based on a physical process-based correlation of its surface-water foraminiferal d
18 O record to the nearby U/Th dated Soreq Cave d
18 O record, throughout the last 160,000 years . Previous studies on core LC21 do not include comprehensive tephra investigations in their chronological framework. Casford et al. (2002 Casford et al. ( , 2007 present AMS 14 C dates, but marine radiocarbon dates are subject to considerable uncertainty (e.g. Ascough et al., 2005; Lowe et al., 2007) . Rohling et al. (2002a) and Marino et al. (2007) conclude, from statistically assessed event stratigraphies through Last Interglacial sapropel S5 in several different eastern Mediterranean sites, that the development of anoxic bottom-waters conditions (an inducing condition for sapropel formation) was distinctly time transgressive, and that the Aegean Sea led ecological changes in the open eastern Mediterranean by 300 ± 120 years (Marino et al., 2007) . Tephrostratigraphy has the potential to bring much tighter control on the synchronisation of records in such studies, and a robust framework of tephra layers as synchronous stratigraphic markers may thus enhance studies of process relationships in Mediterranean palaeoceanography (e.g. Siani et al., 2003; Paterne et al., 2008; Bourne et al., 2010; Albert et al., 2012, in press ).
We present a detailed tephrostratigraphical record for southeastern Aegean marine sediment core LC21, with its recent chronological constraints . The results contribute to the tephrochronological framework for the eastern Mediterranean and potentially to the eruptive histories of its volcanoes.
Materials and methods

Sampling and sample processing
Core LC21 was recovered in 1995 by RV Marion Dufresne during the EC-MAST2 PALAEOFLUX sampling program, at 35 40 0 N, 26 35 0 E (Fig. 1) , with a present-day water depth of 1522 m. The recovered sequence of LC21 consists of hemi-pelagic sediments, organic-rich sapropel layers and visible tephra layers (Fig. 2) . The excellently preserved archive half of the core was sub-sampled using u-channels at the BOSCORF facility, National Oceanography Centre, Southampton. Fig. 2 shows the locations within the core of the tephra samples presented in this paper. Sampling the core using carefully inter-calibrated sets of parallel u-channels enabled the recovery of strictly co-registered samples for tephra (Fig. 2) and stable isotope analyses .
The visible tephra layers were sampled initially, with the bottom 1 cm (representing the first deposit recorded in the core) being used for geochemistry. The entire length of core LC21 was then contiguously sampled and processed for crypto-tephra (excluding visible tephra layers) with continuous 5 cm resolution samples which were dried and then weighed. The 5 cm samples from the organic-rich layers (sapropels) were heated in a furnace for 3.5 h at 550 C. Non-organic samples were not ashed. All samples were soaked in 10% HCL for 30 min to dissolve carbonates. The residues were then sieved over 125 and 25 mm meshes to remove large detritus and clays. Each was then floated in a centrifuge, first at 1.95 kg/l and then at 2.55 kg/l using diluted sodium polytungstate to separate the volcanic glass shards from organic and mineral matter. The floated material was mounted onto a slide using Euparal and examined for cryptotephra shards under a high-power (Â200 or Â400) microscope. Counts of the shards were normalised to the mass of the sample to give shards/g dry sediment. This approach assumes a uniform density of the dry sediment, whether it contains tephra or not. Where tephra was found, the u-channels were re-sampled at 1 cm resolution in order to define the peaks in shard concentrations and to extract shards for chemical analysis. Minor peaks of shards directly above or below visible tephra layers are likely to represent reworking by bioturbation and were not re-sampled (Watkins et al., 1978) . Future studies could test this assumption using the methods of Cassidy et al. (2014) . The re-sampling procedure was a replication of the 5 cm processing in all respects except, crucially, that none of the samples were ashed to remove organics, in order to preserve the chemical composition of the shards. Instead, a preliminary sodium polytungstate separation at 1.95 kg/l was used to remove organic matter as described by Blockley et al. (2005) .
Extracted shards selected for chemical analysis were mounted onto pre-flattened resin stubs. Layers with either very low concentrations of tephra, or high concentrations of organic material remaining after processing, were mounted with the aid of a micromanipulator and syringe to ensure exclusion of non-volcanic glass particles. The resulting sectioned and polished tephra shards were analysed for major and (where possible) trace element concentrations. A list of the samples analysed for geochemistry is provided in Table 1 .
Electron probe micro-analysis (EPMA)
Analyses of 9 major elements (SiO 2 , TiO 2 , Al 2 O 3 , FeOt, MnO, MgO, CaO, Na 2 O and K 2 O) were performed at the Research Laboratory for Archaeology and the History of Art, University of Oxford, using a Jeol 8600 Electron Microprobe with 4 spectrometers with an accelerating voltage of 15 kV, beam diameter of 10 mm (defocused) and a low, 6 nA current (to minimise volatile loss). Count times were 30 s on each element peak except and Na 2 O (10 s). Max Plank Institute (MPI-DING) standards StHs6/80 and ATHO-G (Jochum et al., 2007) were used to check the accuracy and precision of the EPMA analyses. Sodium was analysed first as it is known to be mobile during EPMA analyses (Hunt and Hill, 1993) . Error bars on plots represent 2SD of replicate standard analyses run concurrently with the samples. Reproducibility is <10% relative standard deviation for analytes with concentrations >0.8 wt% with the exception of Na 2 O (14e15%). Analytical data were filtered to remove analyses of non-vitreous material and those analyses with analytical totals lower than 90%. This value was used because water contents for rhyolitic glass shards can reach 9e10% (Pearce et al., 2008; Clift and Blusztajn, 1999; WoldeGabriel et al., 2005) and the volatiles and trace elements are not analysed using an electron microprobe. All analyses were normalised to 100% to account for volatile concentrations and secondary hydration (i.e. for comparative purposes). Accuracy is <5% at concentrations >0.8 wt% while analytes while accuracy for analytes <0.2 wt% can only be assessed qualitatively.
Each sample's stub surface was photographed prior to analysis to allow shards to be easily identified for analysis and to record the coordinates of each shard relative to 3 known points on the stub surface (the end of lines etched into the resin with a scalpel). A Cartesian co-ordinate transfer calculation enabled the same shards to be re-located for analysis on Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) or Secondary Ion Mass Spectrometry (SIMS). This procedure is vital when a tephra layer has a large geochemical range or multi-modal composition as the SiO 2 value for each shard is used as an internal standard for the trace element data. This shard-specific procedure allows different compositional modes to be detected.
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
Trace element analyses were obtained using an Aglient 7500 ce mass spectrometer coupled to a Resonetics 193 nm ArF excimer laser ablation system (RESOlution MÀ50 prototype) with a twovolume ablation cell (Muller et al., 2009) were used for bias correction (Tomlinson et al., 2010) . The same shards were analysed with the LA-ICP-MS system as were analysed with the EPMA. However, when the range of the shard SiO 2 values fell within the analytical precision of the EPMA additional shards were analysed on the LA-ICP-MS using the mean SiO 2 value for that sample to calibrate the trace element data (See Supplementary Information).
As with the EPMA results, the LA-ICP-MS data were filtered to only include glass data. By deleting parts of the shard analysis for which the elemental values indicate a mineral, void or resin component (Tomlinson et al., 2010) these components were removed from the final elemental values for each shard. Reproducibility of the ATHO-G and StHs 6/80-G (Jochum et al., 2007) analyses is typically <9% RSD for all trace elements. Accuracy is <5%.
Secondary Ion Mass Spectrometry (SIMS)
The secondary ion microprobe system at Consiglio Nazionale delle Ricerche Instituto di Geoscienze e Georisorse (CNR-IGG), Pavia, was used to obtain trace element data from samples with Experimental methods are similar to those adopted in Schiano et al. (2001 Schiano et al. ( , 2004 , where the detailed SIMS procedure for REE (Rare Earth Element) de-convolution and quantification of ion signals for all trace elements is fully described. The width of the energy slit was 50 eV and the voltage offset applied to the accelerating voltage (þ4500 V) was À100 V. Standards used for calibration interference correction were NIST-SRM 610, BCR-2G (Le Roux et al., 2002) , the intra CNR-IGG standard BB basalt glass and WY1 basaltic glass. Trace element concentrations were determined relative to the normalised (water free) SiO 2 EPMA data of the same shards. Accuracy is <4% for all analytes while reproducibility is <10% RSD.
Chronostratigraphic framework
The age model for the LC21 sequence has been constructed using the strong signal similarity between its high-resolution planktonic foraminiferal (Globigerinoides ruber) d
18 O record and the extensively U/Th-dated Soreq Cave speleothem d
18 O record (Bar-Matthews et al., 2000 (Fig. 8) .
The strong signal similarity between these records reflects the fact that the eastern Mediterranean surface waters that bathe the site of LC21 are the source waters for precipitation over Israel (and thus the Soreq Cave catchment), with limited fractionation between the two areas, so that any isotopic changes in the eastern Mediterranean surface waters are reflected in the Soreq Cave record (socalled 'source-water effect'). This allows the radiometric chronology of the Soreq Cave record to be transferred to core LC21 , supplementing an array of AMS 14 C datings in the most recent 30,000 years. Two additional chronostratigraphic markers were provided by identification of the Minoan (Rohling et al., 2002b; Marino et al., 2009 ) and Campanian Ignimbrite (CI) (Lowe et al., 2012 ) tephra horizons in core LC21 (Fig. 8 ). The precision of the LC21 age model is further improved by the application of a Bayesian depositional model to the LC21 chronostratigraphy using the OxCal software (Bronk Ramsey., 2008) . The ages from the LC21 age model of Grant et al. (2012) are included here to provide age estimates for the tephra layers.
Results
The LC21 tephra layers are labelled by their depth in core in meters (between brackets), e.g., LC21 (4.925). The depth refers to the base of the sample selected for geochemistry. In visible layers, this is the base of the visible extent of the tephra. In crypto-tephra layers, this is the base of the sample that contains the peak in tephra concentrations (see summary in Table 1 ). The results of the 5 cm and 1 cm resolution tephra counts are presented in Fig. 2 , alongside the sapropel stratigraphy, with the depths of the tephra samples taken for geochemical analysis. Large volumes of cryptotephra are consistently found above visible tephra deposits. Such shard concentrations were interpreted as reworking by bioturbation, as suggested by Watkins et al. (1978) . Fig. 3 presents all the tephra shards analysed in this study on a total alkalis vs silica diagram. All geochemical data from LC21 are presented in Supplementary Figs . 1 and 2, and are provided as raw data in the Supplementary Information spreadsheet.
Sample LC21 (0.01) is the top 1 cm sample from LC21, which contained a shard concentration of 4808 shards/g. This peak in cryptotephra shard concentrations is above a 22.4 cm thick visible tephra layer (Fig. 2) and there are cryptotephra shards mixed into the sediment in the interval between the two. The shards show no evidence of chemical alteration but often contain microphenocrysts. The sample was geochemically characterised to assess its relationship to the visible tephra layer to ascertain if it constituted a separate volcanic event or reworking of the visible tephra below (as suggested by Watkins et al., 1978) . It is classified as rhyolitic with SiO 2 contents ranging from approximately 73.17 wt% to 74.27 wt% (Fig. 3) . Total iron (FeOt) contents of the shards are 1.84e2.37 wt% while CaO contents are 1.26e1.5 wt%. Na 2 O is greater than K 2 O. 24 trace element analyses show that this sample has relatively low high field strength element (HFSE) Fig. 2 . The tephrostratigraphy of core LC21. 5 cm low resolution samples on left of diagram with tephra counts represented by blue bars (capped at counts >3000 shards per gram). Results of high resolution re-sampling at 1 cm resolution on the right of the diagram. Samples extracted and analysed for geochemistry are labelled with red lines and names, with the extent of visible tephras denoted by red boxes. The visual extents of sapropels (S1, S3, S4 and S5) are indicated by the grey areas and respective labels (e.g. S1). Core depth below the sea floor in meters is shown on the left of the diagram. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) concentrations with Nb between 9 and 12 ppm (Fig. 4) . The Light Rare Earth Element Ratio to Heavy LREE to HREE ratio (La/Y) is 0.7e0.9.
Sample LC21 (0.940) was taken from the bottom 1 cm of the 22.4 cm thick dark grey to black tephra close to the top of core LC21. It is possible that this sample does not represent the full range of geochemistry of the tephra deposit as shown by studies elsewhere (e.g. the Campanian Ignimbrite of Tomlinson et al. (2012) ). However, it should represent the first erupted component of the eruption as it was the first to be deposited. The shards are generally vesicular and often fluted in shape, show no evidence of chemical alteration, and often contain microphenocrysts.
The tephra shards in this sample are classified as rhyolitic on the basis of the total alkalis vs silica contents ( Fig. 3 ) and the shards have a silica content of 73.73e74.92 wt%. FeOt content is 1.83e2.30 wt% and always higher than the CaO content which is 1.35e1.50 wt%. Na 2 O (4.25e4.90 wt%) is higher than K 2 O (3.17e3.49 wt%). The trace element concentrations from the LA-ICP-MS analyses show that the shards have relatively low HFSE concentrations (e.g. Nb 8.6e11.1 ppm, Zr~176.5e301.6 ppm) and also that the Light Rare Earth Element to Heavy Rare Earth Element ratio (La:Y) is relatively low at 0.7e0.8. This sample is geochemically indistinguishable from sample LC21 (0.01), suggesting that the shards in LC21 (0.01) represent reworked shards from the visible tephra layer represented by sample LC21 (0.940).
Tephra LC21 (2.005). This sample lies just below sapropel 1 (Fig. 2) . Tephra shards from this cryptotephra are constrained only within a 1 cm sample. The shards are platy and often fluted, but rarely have abundant vesicles and are free of microphenocrysts. They are clear in colour and show no evidence of chemical alteration.
The EPMA analyses of 34 of these tephra shards show that they are, as for LC21 (0.940), rhyolitic (Fig. 3) . Similarly they also have FeOt (1.78e2.32 wt%)~0.5 wt% higher than the CaO content (1.27e1.49 wt%) and Na 2 O (4.31e5.25 wt%) is~1 wt% higher than K 2 O (3.07e3.49 wt%) (Fig. 4) . LA-ICP-MS analyses of 19 of the shards shows that the sample has similar values of trace elements to LC21 (0.940) with HFSE concentrations of 9.3e11.8 ppm for Nb and 145e320 ppm for Zr. The LREE to HREE ratio is 0.7e0.8.
Tephra LC21 (3.225) is a sample from a peak of shard counts at the base of a 3 cm-deep region of cryptotephra in LC21 (Fig. 2) . The shards are a mixture of platy and highly vesicular shards and contain abundant microphenocrysts. They do not appear to have been altered. The EPMA analyses provided wt% concentrations for forty shards and show that the sample can be classified as a rhyolite (Fig. 3) . The shards have more FeOt than CaO, with larger ranges in these two elements than seen in the two samples discussed above (FeOt 0.79e4.98 wt%, CaO 0.8e3.29 wt%) (Fig. 4) . K 2 O values (2.84e3.81 wt% exceed N 2 O values (2.85e5.06 wt%). LA-ICP-MS analysis was compromised by the number of micro-phenocrysts in the shards, and produced only five analyses of the trace element concentrations (Fig. 4) . These five shards show Nb concentrations of 11.4e15.4 ppm and Zr values of 322e354 ppm, comparable to those of the previous two samples. The LREE to HREE ratio (Table 1 ) is approximately 0.63e0.72.
Tephra LC21 (3.775). This tephra sample was taken from the base of a peak in cryptotephra shards of >3000 shards/g (Fig. 2) . The shards are generally fluted with occasional small vesicles and no evidence of geochemical alteration. 47 EPMA analyses attained for this sample classify this sample as a trachydacite/rhyolite (Fig. 3) . CaO content (1.40e4.19 wt%) is generally lower than FeOt concentrations (2.62e5.22) and N 2 O (3.12e6.05) is greater than K 2 O (2.08e4.61) (Fig. 4) . This sample has a relatively wide range of major element compositions and SiO 2 ranges from 66.03 wt% to 71.37 wt% (Fig. 3 ) 13 trace elements obtained by LA-ICP-MS yield HFSE concentrations ( Fig. 4; Table 1 ) intermediate between the preceding three samples (described above) and LC21 (4.285) (described below). Nb concentrations are 13.6e16.6 ppm and Zr concentrations are 322e377 ppm (Fig. 4) . The LREE to HREE ratio is 0.61e0.66.
Tephra LC21 (4.285) also is a sample from a peak in cryptotephra with concentrations of >3000 shards/g, spread over 2 cm (Fig. 2) . The shards are often very small (<40 mm diameter) and have very large elongate vesicles within them, making them difficult to analyse using the available geochemical techniques. They do not show any evidence of geochemical alteration. The results of 11 EPMA measurements define the shards as rhyolitic (Fig. 3) and show that FeOt concentrations approximately equal CaO concentrations (1.34e2.11 and 0.97e2.17 wt% respectively). Na 2 O content also approximately equals K 2 O content (3.63e4.43 and 3.84e4.33 wt% respectfully) (Fig. 4) . The shape and size of the glass surfaces on the shards made them impossible to analyse on the Fig. 4 ) The LREE to HREE ratio is much higher than the previous samples, ranging from 1.9 to 2.3 (Table 1) . LC21 (4.925) is a sample from the base of the 15 cm-thick white tephra layer. The shards from this sample, which vary greatly in morphology (platy, fluted and highly vesicular shards) did not show any visible micro-phenocrysts and were all clear in colour. 24 EPMA results show that this tephra is a phonolite/trachyte (Fig. 3) and that its Na 2 O values (3.50e7.15) are lower than the K 2 O values (6.26e9.08). CaO is always lower in concentration than FeOt (1.64e5.18 wt% and 2.80e5.46 wt% respectively) (Fig. 4) . The apparent lack of micro-phenocrysts did not guarantee abundant LA-ICP-MS results, for only five glass-only measurements were obtained (Fig. 4) . Other analyses contained such abundant vesicle components that they had to be discarded. The five successful trace element determinations show very elevated HFSE concentrations (Nb 118.5e130.9 ppm, Zr 570e715 ppm) (Fig. 4) , which are far in excess of those in the samples previously discussed.
Sample LC21 (5.125) is a 5 cm sediment sample with tephra shards (Fig. 2) . When the core was re-sampled at 1 cm resolution, no shards were recovered. Possible explanations for this are: 1) the shards are contamination from another sample; 2) the shards did not form a laterally continuous layer across the core; 3) the tephra layer was laterally continuous, but was mostly removed by the saw when the core was cut into sections (this sample is the top sample in core section 8). In the first case, the tephra shards would be chemically and morphologically identical to those from another tephra layer found in the core, which was processed coevally with this sample. In the latter two scenarios, the shards would be geochemically different in some respect from those of the other tephra layers investigated.
The shards in this sample show no visible phenocrysts or evidence of chemical alteration. The EPMA analyses revealed 18 rhyolitic shards (Fig. 4) (Fig. 4) . The shards in this sample were mainly platy, but occasionally vesicular or fluted and all were clear in colour. Their platy morphology meant that when sectioned using cutting and polishing techniques it was difficult to expose large surfaces for trace element analysis with the LA-ICP-MS, and so the smaller beam of the SIMS was used for this sample. The five rhyolitic analyses show Nb values ranging from 10.9 to 23.0 ppm and Zr values from 308 to 407 ppm (Fig. 2) . The La/Y (LREE to HREE ratio) is 0.7e0.8 (Table 1) . LC21 (7.915) is a sample from within sapropel S4a in LC21. The sample is taken from a peak in tephra shards of >3000 shards/g, and there are tephra shards in much lower concentrations in the 1 cm sample below this peak and 2 cm above the peak (Fig. 2) . The shards are of mixed morphologies: some fluted, some platy and some highly vesicular. EPMA analyses revealed 17 trachyte/phonolitic shards and 38 rhyolitic shards (Fig. 3) . The trachyte/phonolitic shards all have CaO lower in concentration than FeOt, and K 2 O greater than Na 2 O (Fig. 4) . However, the trachyte/phonolitic component of this sample is bi-modal in its Na 2 O composition, with one discrete mode containing N 2 O < 4.5 wt% and the other >4.5 wt % (Fig. 4) . The rhyolitic component (68e78 wt% SiO 2 ) has K 2 O approximately 1 wt% higher than Na 2 O and FeOt exceeds CaO by < 1 wt% (Fig. 4) .
The 13 trace element analyses for the rhyolitic component of this sample show relatively low values of Nb 7e11 ppm and LREE to HREE ratios of between 0.7 and 2.4 ( Fig. 4; Table 1 ).
Trace element analyses using the LA-ICP-MS were only possible on two of the trachyte/phonolitic shards, because these shards are in general thinner than the rhyolitic shards in this sample. Both of these shards were from the >4.5 wt% N 2 O mode. They show Nb values of 92.8 and 104.4 ppm (Fig. 4) , lower than observed in the visible trachyte/phonolite in LC21 (sample LC21e4.925), indicating that these shards are unlikely to be contaminants from that layer. Zr values are 463 and 413 ppm (Fig. 4) . The LREE to HREE ratios for these two shards are 2.4 and 2.5 (Table 1) . LC21 (9.575) is the lowermost sample of many which contain >3000 shards/g of tephra in sapropel S5 in LC21 (Fig. 2) . The tephra from this sample may not be representative of all the tephra in this section of the core. The shards are brown or clear in this sample, with rare phenocrysts, and can be either platy and vesicle-free or thicker with vesicles. The EPMA results reveal a wide range of SiO 2 values (57.19e70.14 wt%) classifying the shards as andesitic and dacitic (Fig. 3) . Other major elements show a similarly large range in concentrations, although FeOt (4.17e10.12 wt%) is always more abundant than CaO (2.39e7.58 wt%), and Na 2 O (2.77e5.11 wt%) is always greater than K 2 O (1.08e2.96 wt%) (Fig. 4) . The Nb (3.9e11.6 pmm) and Zr (48.0e322 ppm) values show a wide range (Fig. 4) , in contrast to the LREE to HREE ratio (La/Y), which is consistently low (0.38e0.68) ( Table 1) . LC21 (9.709) is a very thin (~1 mm) visible tephra layer within Sapropel S5 (Fig. 2) . Its position in the sapropel makes it a potentially important stratigraphic marker for the correlation of LC21 to other sites. The tephra shards are generally platy with few vesicles or phenocrysts and no evidence of geochemical alteration. The EPMA results define the shards as trachydacite/dacitic with Ca concentrations of 2.41e2.74 wt%, always lower than the FeOt values of 5.01e5.67 wt% (Fig. 4) . Na 2 O values are consistently 4.45e5.68 wt% and higher than the 2.10e3.56 wt% K 2 O values Fig. 4 . Selected bi-plots showing all tephra layers from LC21 A) Silica-Saturated shards from all tephra samples, and B) Silica-undersaturated shards from all tephra samples. All major element analyses from all samples are plotted in Supplementary Fig. 1 , while all trace element analyses from all samples are shown in Supplementary Fig. 2 . All analyses are provided in the Supplementary Data Table. ( Fig. 4) . These are relationships which appear to be consistent for all the silica-saturated samples discussed thus far for core LC21 (with the exception of LC21 4.285). The Nb content ranges from 4.4 to 12.2 ppm and Zr from 326 to 344 ppm (Fig. 4) , which is also consistent with all the silica-saturated samples discussed so far for this core (with the exception of LC21e4.285). LREE to HREE (La/Y) ratios are confined to the range 0.50e0.53 for all the shards in this sample (Table 1) .
LC21 (10.345) represents a peak in tephra shard concentrations of 2357 shards/g at the base of a 4 cm interval containing cryptotephra (Fig. 2) . It contains both small platy shards and larger fluted shards. No shards contain significant vesicles or phenocrysts and none show evidence of alteration. The sample contains shards of high silica rhyolite (>77 wt% silica), and Pantellerite (>6% FeOt and <9% Al 2 O 3 ) (Fig. 3) . As the shards in this sample were all too small for LA-ICP-MS analysis, and because the major element concentrations of Pantellerite are distinctive, trace element data was not thought necessary to determine provenance. The shards with >77 wt% SiO 2 show K 2 O > Na 2 O and differ from the other rhyolitic samples so far discussed in LC21. These shards also have very low FeOt and CaO values (<1 wt%) and the two elements are generally equal in abundance (Fig. 4) . LC21 (11.190 ) is a sample from the base of a 42 cm thick visible tephra below S5. The shards are highly vesicular. Nine EPMA analyses of the phenocryst-rich shards in this sample show that it has a highly variable chemistry ranging from 60.86 to 70.80 wt% SiO 2 , classifying the shards as basaltic andesite to rhyolite (Fig. 3) . The Na 2 O values (3.44e5.59 wt%) are always in excess of the K 2 O (1.40e2.70 wt%) values but there is no consistent difference in the abundance of CaO (2.70e6.52 wt%) and FeOt (1.69e8.26 wt%) (Fig. 4) . The abundant phenocrysts meant that LA-ICP-MS analyses often contained mineral components. Only 6 pure glass trace element analyses could be achieved for this visible tephra, which show Nb values of 8.6e11.4 ppm, Zr values of 135e264 ppm and consistent La/Y ratios of 0.53e0.58 (Fig. 4; Table 1 ).
Tephras LC21 (12.465), (12.625), (13.275), (13.405) and (13.485). These 5 visible tephras are all contained within the lowermost section of LC21. The sediment between and above all 5 is very rich in tephra shards (>10,000 shards). In addition the lower 4 tephra layers are all inclined within the core and not laterally continuous, indicating that they may be reworked by a physical process such as slumping. All five layers have platy shards and are phenocryst-free. The elemental abundances determined by EPMA ( Supplementary Fig. 1 ) and LA-ICP-MS ( Supplementary Fig. 2 ) are identical for all 5 samples and so they are described concurrently here.
The 140 EPMA for these five samples reveal a very homogenous major element composition; all are classified as high-silica rhyolites (>77% SiO 2 ) (Fig. 3) and have very low and virtually equal CaO and FeOt values (0.49e0.72 wt% and 0.36e0.75 wt%) (Fig. 4) . K 2 O (4.11e5.06 wt%) is always greater than Na 2 O (3.15e4.99 wt%) (Fig. 4) .
The micro-phenocryst-free nature of the samples also facilitated LA-ICP-MS analysis with 113 results obtained that show Nb concentrations varying between 16.5 and 26.8 ppm, while Zr concentrations range between 27.3 and 56.4 ppm (Fig. 4) . The LREE to HREE (La/Y) ratio is consistently 1.5e2.0 (Table 1) .
Geochemical comparison of LC21 tephra samples to proximal deposit samples
The aim of this paper is to define which volcanic sources have contributed to the tephrostratigraphy of marine core LC21. To this end, the geochemistry of the tephra shards has been compared to a large geochemical database created using samples taken directly from the major volcanic sources of the region . Details of the database can be found at: http:// c14.arch.ox.ac.uk/reset/embed.php?File¼links.html and the volcanic sources are shown on Fig. 1 . These volcanic sources are most clearly distinguished from one another using a Zr vs Nb plot (Fig. 5) , an approach used previously by Clift and Blusztajn (1999) . Thus, the LC21 tephra shards for each sample are plotted onto a Zr vs Nb plot together with the fields defined by proximal data (Fig. 6 ) to aid identification of the source volcanoes. All major and trace element tephra shard analyses for LC21 are given in the Supplementary Information. It is important to note also that while this approach is the most robust available to determine the source of tephra shards, both proximal and distal tephra records for each volcanic centre may be incomplete. Deposits originating from minor eruptions may have been eroded Clift and Blusztajn, 1999) with geochemical fields defined by the proximal volcanic deposits of the Mediterranean (Fig. 1) : Santorini (Greece), Yali þ Nisyros (Greece), the Aeolian Islands (Italy), Central Anatolia and Eastern Anatolia (Turkey), and Campanian Region (Italy). These are detailed on the RESET database and in Tomlinson et al. (2012) , Albert et al. (2012, in press ). As sample LC21 (7.915) contains both silica saturated and silica under-saturated shards these two populations cannot originate from the same eruption and thus are plotted on separate charts. These plots can be used to infer the most likely source system for the tephra shards found within the samples taken from LC21. from proximal localities or may not have been deposited at all in a distal site.
Tephra LC21 (0.01 and 0.940) is the uppermost tephra layer represented in LC21. Sample LC21 (0.01) likely represents the reworked (by bioturbation, Watkins et al., 1978) shards in the sediment above the visible layer (Fig. 2) , while LC21 (0.940) is from the base of the visible tephra layer. The majority of the data are similar to proximal tephras from Santorini (Fig. 6) . Some analyses fall outside of the field of proximal data defined for Santorini. If these shards also originate from Santorini then they represent magmatic chemistries not represented by the available proximal database. Alternatively these shards could originate from another volcanic source or possibly Central Anatolia or the Aeolian Islands (Fig. 6) , which was active within the period represented by these samples. This is however inconsistent with the ratios of the immobile elements (Nb/Y -Fig 7) and the large volume of tephra in this visible layer, which has already been attributed to the Minoan eruption of Santorini (Rohling et al., 2002b ) based on radiocarbon dating. It should be noted, however, that some shards in the LC21 visible layer have geochemical spectra not currently represented in Santorini proximal deposits, including deposits of the Minoan eruption. This might indicate both that tephra deposits originating from a single eruption may not have been geochemically homogeneous and that the full compositional range may be missing from proximal deposits. Heterogeneity has been observed previously in the deep sea deposits within the Santorini Caldera (Vinci, 1984) , but was not in that study attributed to the Minoan eruption.
Tephra LC21 (2.005) is stratigraphically below the Minoan deposit. It is a potentially important marker for (marine) stratigraphic correlation because it is found just below sapropel S1 in LC21 (see Fig. 2 ). As with samples (0.01 and 0.940), the majority of the results obtained from this sample plot within the Santorini field (Fig. 6) . Three of the shards are outside this field; one outside all the proximally defined fields, and two within the Aeolian Islands field. Therefore, the shards in this sample are either derived from Santorini and one or more other sources, or all originate from Santorini, but this again would imply that the proximal database for Santorini does not capture the full range of geochemical compositions. The latter is considered the most likely given (a) the geochemical similarity of this sample to the Minoan deposit in LC21 (sample LC21 (2.005), Fig. 4 ), (b) the fact that the proximal database comprises only the major Plinian eruptions, and (c) that the Nb/Y plot (Fig. 7) which shows the data from this sample plot closest to the Santorini field. This interpretation is tentative because, despite detailed sampling, Druitt et al. (2012) found no lavas or silicic pumice layers preserved between the Minoan deposits and those of the Cape Riva eruption of 22,329e21,088 BP (Lee et al., 2013) . Rhyolitic tephra layer LC21 (2.005) is dated by the age model of Grant et al. (2012) (Fig. 5) to between 12.018 ± 0.349 and 12.143 ± 0.346 ka BP ( Fig. 8; Table 2 ). It may therefore be evidence of rhyolitic eruptions from Santorini occurring between the Cape Riva and Minoan eruptions. Intriguingly, St Seymour et al. (2004) came to the same conclusion for a rhyolitic tephra layer (PhT1) dated by calibrated radiocarbon to 12.300e11.357 ka BP, in the Philippi peat basin of Northern Greece.
Tephra LC21 (3.225) is a rhyolite (consistent with an origin from Santorini) and nearly identical in chemical composition to LC21 (2.005) (Fig. 4) . While one of the data points lies outside all of the geochemical fields (defined by the proximal data in Figs. 6 and 7, Tomlinson et al., 2014) , the other four lie within the Santorini field. The rhyolitic classification of all shards (Fig. 3) is also consistent with an origin from Santorini. LC21 (3.225) is stratigraphically well below a calibrated AMS 14 C date of~17,000 cal BP at 2.525 m depth (Casford et al., 2007) . The age model of Grant et al. (2012) suggests a date of between 21.653 ± 0.575 and 21.751 ± 0.581 ka BP ( Fig. 8 ; Table 2 ) for LC21 (3.225). Vinci (1985) attributes a tephra layer of similar SiO 2 content, stratigraphically immediately below the Cape Riva tephra (Fig. 9 ) in marine cores MC7 and MC12 (Southern Aegean Sea), to Santorini, but could not find a matching proximal deposit, supporting the proposal that there are tephra layers preserved in Aegean sediments that are not yet represented in the proximal geochemical database. Tephra LC21 (3.775) has a different chemical composition to LC21 (3.225), being significantly lower in SiO 2 (~70%) (Fig. 3) . The compositions of these rhyolitic shards plot outside all of the proximally-defined data fields (Figs. 6 and 7) . The shards in this sample therefore originate from either a rhyolitic volcano considered here (but a composition absent from our proximal database) or from another volcano not considered in this study. The former interpretation is preferred as one analysis from the Santoriniassigned sample LC21 (3.225) plots amongst the shards from sample LC21 (3.775) (Fig. 4) which is itself attributed to Santorini. This tephra layer may represent a minor rhyolitic eruption from Santorini. The LC21 age model gives an age of between 27.481 ± 0.719 and 27.354 ± 0.706 ka BP ( Fig. 8; Table 2 ).
Tephra LC21 (4.285) lies stratigraphically above the Campanian Ignimbrite (CI) deposit (see LC21 (4.925) below and Lowe et al., 2012) . Fig. 6 indicates a source from the Yali or Nisyros centres. The rhyolitic chemistry of the shards in this sample (Fig. 3) is consistent with both of these sources. The LC21 age model (Fig. 5) suggests an age for LC21 (4.285) of between 32.894 ± 0.502 and 32.992 ± 0.503 ka BP ( Table 2 ). The Yali-2 tephra has been identified as a visible layer in cores KB-33 (Vinci, 1985) and MAR-03-24 (Aksu et al., 2008) (Fig. 9) both to the South East of the island of Yali, and in various cores up to 300 km south-east of the island by Federman and Carey (1980) as well as proximally to the island (Allen and McPhie, 2000) . Tephra attributed to the major Nisyros eruptions of the Upper and Lower Pumices has been located in ocean cores in the Central Aegean (Hardiman, 1999; Aksu et al., 2008) and on Lesvos Island to the North of Nisyros (Margari et al., 2007) . This study is therefore the first to discover crypto-tephra originating from one of these sources, extending the known footprint of these two volcanoes to approximately 100 km southwest of the islands (Fig. 1) .
Tephra LC21 (4.925) represents a visible layer of 13 cm thickness. The glass shards are phonolitic in composition (Fig. 3a) and lie in the Campanian geochemical composition field (Smith et al., 2011; Tomlinson et al., 2012 Tomlinson et al., , 2014 in Fig. 6 . This tephra layer has Table 1 . Tephra layers older than the period represented by the age model are shown here in blue. The reader is referred to Grant et al. (2012) for details of the construction of the age model (including the calculations of sedimentation rates) through the correlation of the LC21 isotope stratigraphy with that of Soreq cave. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) previously been identified as the widespread Campanian Ignimbrite (CI) tephra (Lowe et al., 2012) . The CI has been 39 Ar/ 40 Ar dated to 39.28 ± 0.11 ka BP (De Vivo et al., 2001) , the date incorporated into the LC21 age model (Fig. 8 ) and thus no independent age estimate can be derived for this tephra layer. The CI is arguably the most widespread and intensively studied tephra layer in the Mediterranean region ( Fig. 9 ) (e.g. Seymour and Christanis, 1995; Pyle et al., 2006; Costa et al., 2012; Lowe et al., 2012; Tomlinson et al., 2012) . LC21 (5.125) shards were recovered from the 5 cm resolution sampling series only, and not from the 1 cm sampling. As the sample is the top 5 cm of a core section, it is possible that some of the tephra layer was removed during the shipboard dissection of the core (only 101 shards were counted in the 5 cm sample; Fig. 2 ). LC21 5.125 contains rhyolites with geochemical similarities to Santorini (Figs. 6 and 7) , to which it is tentatively assigned, and is dated by the Grant et al. (2012) age model to between 42.532 ± 1.015 and 43.617 ± 1.159 ka (Table 1) . LC21 (7.915) contains both sub-alkaline and alkaline components (Fig. 3) . The majority of the sub-alkaline (rhyolitic) shards are chemically similar to the proximal data of Santorini (Figs. 6 and 7) and are therefore inferred to originate from eruptions on the island. Three of the sub-alkaline shards do not, however, plot within any of the proximal fields (Figs. 6 and 7) . Whatever their origin, they share the same eruption date (within sample resolution) as the alkaline component of the same sample.
The two trace element analyses of the alkaline shards are closest in composition to Campanian data-fields (Fig. 6) and their phonolitic composition is also consistent with a Campanian source. Their alkaline major element compositions also accord with those of LC21 (4.925) (Fig. 4) which has been identified as the Campanian Ignimbrite tephra layer. LC21 (7.915) is dated to between 103.980 ± 2.020 and 104.100 ± 2.050 ka BP by the LC21 age model ( Fig. 8 ; Table 2 ). It may therefore relate to the widespread X-5 or X-6 tephra layers identified in the Central Mediterranean (Wulf et al., 2004; Bourne et al., 2010; Vogel et al., 2010; Wulf et al., 2012) , which are 40 Ar/ 39 Ar dated to 106.2 ± 1.3 ka BP and 108.9 ± 1.8 ka BP (Iorio et al., 2014) , respectively. LC21 (9.575) is a sample from the base of a rich layer of cryptotephra in the core (Fig. 2) and lies within sapropel 5 (S5). The exaggerated thickness of S5 in LC21 (Marino et al., 2007) and the increased sedimentation rate in this part of the core (Fig. 5 ) may be partly due to the input of tephra into the core site at this time. Nine shards from this sample have chemical compositions that fall within the field defined by the Santorini proximal data (Figs. 6 and  7) . Their andesitic to dacitic chemistry is also consistent with this source. However 11 shards with sub-alkaline chemistry plot outside all proximally-defined geochemical fields on Fig. 6 . Together with the large volume of tephra represented in this part of the core, by an origin from Santorini, Kos, Yali or Nisyros, which are the closest volcanic sources, seems more likely (Fig. 1) . The sample is dated by the LC21 age model to between 125.653 ± 2.829 and 125.708 ± 2.819 ka ( Fig. 8 ; Table 2 ). LC21 (9.709) is a visible (Fig. 2) , silica-saturated tephra layer within sapropel S5. All shards from this sample have a rhyolitic chemistry and plot within the Santorini field (Figs. 6 and 7) and are thus inferred to originate from the island. The sample is dated at 126.440 ± 2.691 ka BP by the Grant et al. (2012) age model (Table 1) .
LC21 (10.345) contains Pantellerite shards (Fig. 3) , which the LC21 age model dates to between 133.469 ± 2.000 and Table 2 Summary of the tephra samples from LC21, their likely source and estimated age from the LC21 age model of Grant et al. (2012) .
Tephra name in LC21
Sample depth (mbsf in LC21) Thickness of layer (Fig. 2) TAS classification (from Fig. 3 133.573 ± 1.911 ka BP ( Fig. 8 ; Table 2 ). Three tephra layers approximating this date and originating from Pantelleria have been identified in the Ionian Sea (Tamburrino et al., 2012) and LC21 (10.345) may relate to one of these layers. Pantellerian tephra has also been found on the island of Lesvos (Margari et al., 2007) and in Lake Ohrid in Albania (Vogel et al., 2010) , so this new discovery of Pantellerian tephra shards in a marine core in the Aegean Sea raises the prospect of a widespread tephra isochron in the region. The second geochemical component of LC21 (10.345) is a high SiO 2 rhyolite (Fig. 3) . Although no trace element data could be obtained from this sample, the very high SiO 2 values (76e78%) suggest these shards may originate from the Kos/Yali/Nisyros system (Bachmann et al., 2007) .
LC21 (11.190 ) is taken from the base of a 42 cm thick visible tephra layer with a very broad major element composition ranging from basaltic andesite to rhyolite (Fig. 3) . All but one of the shards plot within the geochemical field defined by Santorini proximal deposits (Fig. 6) , the single outlier plotting outside of all proximal fields in the reference database. The silica saturated classification (Fig. 3 ) of all shards in this sample also supports an attribution to Santorini. This distal tephra layer has a date of 152.588 ± 9.324 ka BP as defined by the LC21 age model ( Fig. 8 ; Table 2 ). It may therefore correlate to the Middle Pumice eruption of Santorini (W2) (Fig. 9) , which has an estimated date of 150 ka BP based on sapropel chronology (Vinci, 1985) .
Tephras LC21 (12.465), (12.625), (13.275), (13.405) and (13.485) are all chemically indistinguishable (Supp. Figs. 1e and 2e) and span a tephra-rich region at the base of the core (Fig. 2) . The HFSE plot (Fig. 6 ) suggests these tephras might originate from the central Anatolian volcanic centre as, geochemically, this is the closest field. However, the distance to this source of >700 km combined with the thickness (up to 10 cm) of these layers (Fig. 2 ) makes these two lines of evidence difficult to reconcile. It is therefore suggested that, given the unusually high silica contents for the shards in these samples (Fig. 3) , their probable source is Kos, the one local volcanic source that is absent from the proximal database used here. Kos shares the characteristic of producing highly silicic (>75 wt% SiO 2 ) magmas with its neighbour Nisyros (Bachmann et al., 2010) . Kos also produced a Plinian calderaforming eruption at 161 ka BP (Smith et al., 1996 (Smith et al., , 2000 which is consistent with the stratigraphic position of these tephra layers below sapropel S5 (dated at~128e121 ka BP by Grant et al., 2012) (Fig. 9) . In addition the physical reworking evident in this lowermost section of the core may be a result of seismic activity occurring coevally with caldera formation. The data presented here are therefore thought to be the first published major and trace element data derived from glass assigned to this important eruption e the Kos Plateau Tuff. Major and trace element analyses of proximal Kos Plateau Tuff deposits are needed to test this assertion. Fig. 9 . Marine tephrostratigraphies in the Aegean region as reported by Aksu et al. (2008) , Vinci (1985) and this study. Volcano or eruption attributions assigned to tephra layers are those assigned by the original work of Aksu et al. (2008) , Vinci (1985) and this study respectively. No correlations between these stratigraphies are presented as these have not been presented or tested in this paper. Sapropel layers are shown for stratigraphic guidance on the left; labelled S1eS5. Fig. 9 summarises the full LC21 tephrostratigraphic record and sets this against the published stratigraphies of Aksu et al. (2008) and Vinci (1985) . It has been demonstrated that distal tephra deposits in the Aegean Sea are most likely derived from Santorini, the Kos/Yali/Nisyros system, the Campanian System and Pantelleria. Age estimates for the tephras, based on the LC21 chronology (Table 1) , are shown on Fig. 9 .
Conclusions
The tephrostratigraphical results reported here for marine core LC21 represents the longest single-core record of volcanic activity obtained from marine sediments of the Eastern Mediterranean region, and the first to include detection of cryptotephra layers. Of the 17 discrete tephra layers detected in the sequence, a number have very similar chemical compositions, but can be differentiated and ordered stratigraphically by position relative to: (a) compositionally distinctive tephra layers -the Minoan Tephra, the Campanian Ignimbrite, a Pantelleria-sourced eruption, and the Kos Plateau Tuff eruption; (b) sapropel layers S1eS5; and (c) a well-resolved isotope-based chronostratigraphy . Eight of the 17 tephra layers are non-visible cryptotephra layers, and these collectively suggest that past studies of the volcanic records in the Aegean, which previously have focussed on visible tephra layers only, are incomplete.
Several of the tephra layers reported here have compositions most closely matching the proximal deposits of Santorini (also the closest source) of which three (LC21 (2.005), (3.225) and (3.775)) have chemical signatures not represented in the current proximal Plinian eruption database that includes Minoan, Cape Riva, Upper Scoria 1, Upper Scoria 2, Vourvolous, and Middle Pumice eruption material (Druitt et al., 1989 (Druitt et al., , 1999 Tomlinson et al., 2014) . It is therefore inferred that distal stratigraphic archives may preserve some of the inter-Plinian eruptions of Santorini (Vespa et al., 2006) , in addition to the Plinian eruptions. More detailed investigations of both proximal and distal records in the region are needed to establish the magnitude of the eruptions that deposited the cryptotephra layers reported here. This paper also presents the first evidence for Pantellerian tephra shards in the Aegean Sea (within LC21 (10.345)) and a large glass geochemical dataset LC21 (12.456, 12.625, 13.275, 13.405 and 13.485) which is likely to be attributable to the Plinian Kos Plateau Tuff (KPT) eruption (Smith et al., 1996 (Smith et al., , 2000 Bachmann et al., 2007 Bachmann et al., , 2010 . Pantellerian eruptive material has a distinctive chemistry, and tephras of a similar age with a Pantelleria source have previously been reported from the Island of Lesvos (Margari et al., 2007) , Albania (Vogel et al., 2010) and sediments in the Ionian Sea (Tamburrino et al., 2012) . This distinctive tephra layer therefore appears to offer potential as a late Quaternary marker for correlating sediment sequences within the Aegean and with neighbouring land records. The island of Kos is considered to be the likely source of the basal tephra layers reported from LC21. Unfortunately, these basal tephra layers appear to have been reworked, which compromises their interpretation. However, the LC21 record does reveal that the KPT reached this part of the Aegean in copious quantities and therefore may also provide a regional stratigraphic marker within other environmental records.
In addition to the Campanian Ignimbrite, the most widespread late Quaternary tephra in the Mediterranean region (e.g. Pyle et al., 2006; Costa et al., 2012) , LC21 contains an older tephra with Campanian chemical composition (e.g. Tomlinson et al., 2012 Tomlinson et al., , 2014 . It is considered most likely to equate with either the X-5 or X-6 tephra layers , but further work is required to confirm this. If the LC21 record can be successfully linked to the X5 or X6 tephra layers identified in sequences from the Tyrrhenian and Adriatic Seas, this would provide a second independent, pan-Mediterranean chronological marker in addition to the CI.
The LC21 record therefore demonstrates the potential for enhancing the tephrostratigraphy of the eastern Mediterranean by including methods for detecting cryptotephra layers in routine site investigations. Much work remains to be done, however, to secure more confident comparisons between distal and proximal volcanic stratigraphies. The rewards may be high however, in two respects: (i) an increase in the number of tephra isochrons that can be for synchronising Pleistocene palaeoenvironmental records, and (ii) possible evidence of additional volcanic activity that is not at present represented in proximal volcanic records.
